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ABSTRACT
The production of both gravitational waves and short gamma-ray bursts (sGRBs) is widely associated with
the merger of compact objects. Several studies have modelled the evolution of the electromagnetic emission
using the synchrotron emission produced by the deceleration of both a relativistic top-hat jet seen off-axis, and
a wide-angle quasi-spherical outflow (both using numerical studies). In this study we present an analytical
model of the synchrotron and synchrotron self-Compton (SSC) emission for an off-axis top-hat jet and a quasi-
spherical outflow. We calculate the light curves obtained from an analytic model in which the synchrotron
and SSC emission (in the fast- or slow-cooling regime) of an off-axis top-hat jet and a quasi-spherical outflow
are decelerated in either a homogeneous or a wind-like circumburst medium. We show that the synchrotron
emission of the quasi-spherical outflow is stronger than that of the off-axis jet during the first ∼ 10 - 20 days,
and weaker during the next & 80 days. Moreover, we show that if the off-axis jet is decelerated in a wind-
like medium, then the SSC emission is very likely to be detected. Applying a MCMC code to our model
(for synchrotron emission only), we find the best-fit values for the radio, optical and X-ray emission of GRB
170817A which are in accordance with observations. For GRB 170817A, we find using our model that the
synchrotron emission generated by the quasi-spherical outflow and off-axis top-hat jet increase as Fν ∝ tα
with α . 0.8 and α > 3, respectively. Finally, we obtain the correspondent SSC light curves which are in
accordance with the very-high-energy gamma-ray upper limits derived with the GeV - TeV observatories.
Subject headings: Gamma-rays bursts: individual (GRB 170817A) — Stars: neutron — Gravitational waves
— Physical data and processes: acceleration of particles — Physical data and processes:
radiation mechanism: nonthermal — ISM: general - magnetic fields
1. INTRODUCTION
The merger of two neutron stars (NSs) is believed to be
a potential candidate for the production of both gravitational
waves (GWs), and short gamma-ray bursts (sGRBs, T90 . 2
s) with an extended non-thermal emission (for reviews, see
Nakar 2007; Berger 2014). Since the first detection of a
sGRB, GWs had been exhaustively searched without success.
On August 17, 2017 for the first time, a GW source
(GW170817; Abbott et al. 2017a,b) was associated with a
faint electromagnetic γ-ray counterpart which is most proba-
bly the prompt emission of a sGRB (GRB170817A; Goldstein
et al. 2017; Savchenko et al. 2017), although today an off-axis
emission from the top-hat jet is not the common knowledge
(e.g., see Matsumoto et al. 2019).
GRB 170817A was followed up by an enormous ob-
servational campaign covering a large fraction of the
electromagnetic spectrum. The X-ray counterpart was
detected by the Chandra and XMM-Newton satellites (Troja
et al. 2017; Margutti et al. 2018; Alexander et al. 2018;
D’Avanzo et al. 2018; Margutti et al. 2017a; Haggard et al.
2018). In optical bands, the non-thermal optical afterglow
emission was revealed by the Hubble Space Telescope (Ly-
man et al. 2018; Margutti et al. 2018).1 The radio emission at
† nifraija@astro.unam.mx
1 By optical we refer to the optical afterglow emission rather than the kilo-
nova emission.
3 and 6 GHz was identified by the Very Large Array (Abbott
et al. 2017b; Mooley et al. 2017; Dobie et al. 2018; Troja
et al. 2017). The GW170917/GRB 170817A event was also
within the field of view of the Large Area Telescope (LAT)
on-board the Fermi satellite and the field of view of two of
the TeV γ-ray observatories: the High Energy Stereoscopic
System (H.E.S.S.) Telescope and the High Altitude Water
Cherenkov (HAWC). Fermi-LAT began observing around
the position of GW170817 at ∼ 1000 s after the GBM
trigger (Abbott et al. 2017b). No counts were registered and
upper limits were derived. Observations with the HAWC
observatory began on 2017 August 17 at 20:53 UTC and
finished 2.03 hr later (Martinez-Castellanos et al. 2017).
Although no significant excess was detected, upper limits
for energies larger than 40 TeV were placed. The H.E.S.S.
telescope searched for very-high-energy γ-ray emission in
two opportunities (Abdalla et al. 2017). First, 5.3 h after
the GBM trigger, and secondly from 0.22 to 5.2 days after
the trigger. No statistically significant excess of counts were
found by this TeV observatory and upper limits were derived.
The temporal behaviour of the electromagnetic (EM) coun-
terpart of GW170817 was atypical. The extended X-ray and
radio afterglow were initially described by a simple power
law which gradually increased as ∼ t0.8 (Mooley et al. 2017;
Margutti et al. 2018), reached its peak at ∼140 days after the
NS merger, and was then followed by relatively fast decline.
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2A miscellaneous set of models based on external shocks
such as off-axis top-hat jets (Troja et al. 2017; Margutti
et al. 2017b; Ioka and Nakamura 2017; Alexander et al.
2017; Fraija et al. 2019a,b), radially stratified ejecta (Mooley
et al. 2017; Fraija et al. 2019c; Hotokezaka et al. 2018) and
structured jets (Kasliwal et al. 2017; Lamb and Kobayashi
2017; Lazzati et al. 2017) were developed to interpret the
behavior of this atypical afterglow. Mooley et al. (2018)
reported the detection of superluminal apparent motion in the
radio band using Very Long Baseline Interferometry (VLBI),
thus favoring models with successful jets and their respective
quasi-spherical outflows. The successful jet models were also
favored by VLBI radio observations performed by Ghirlanda
et al. (2018) at 207.4 days. In the latter, the authors con-
strained the size of the source, indicating that GRB 170817A
was produced by a structured relativistic jet. The structured
jet models (Kasliwal et al. 2017; Lamb and Kobayashi 2017;
Lazzati et al. 2017) suggest that the early-time radio flux
during the two weeks after the merger is mostly produced
by the radiation of an optically thin quasi-spherical outflow,
while the late radio flux is dominated by the emission of a rel-
ativistic and collimated jet (immersed in the quasi-spherical
outflow which is now optically thin) with an opening angle
less than. 5◦ and observed from a viewing angle of 20◦±5◦.
Fermi-LAT has detected more than 50 GRBs with photons
above 100 MeV and ∼12 bursts with photons above 10 GeV
(see Ackermann et al. 2013, 2014, and references therein).
Several authors have suggested that although photons with
energies larger than ≥ 100 MeV can be explained in the
framework of the synchrotron forward-shock model (Kumar
and Barniol Duran 2009; Wang et al. 2013; Fraija et al.
2016a, 2019d,e,f), the maximum photon energy in this
process is ∼ 10 GeV ( Γ100) (1 + z)−1, where Γ is the bulk
Lorentz factor and z the redshift. Furthermore, taking into
account that the bulk Lorentz factor during the afterglow
phase evolves as ∝ t− 38 and ∝ t− 14 for a homogeneous
and a wind-like medium, respectively, GeV photons from
synchrotron radiation are not expected at timescales of ∼ 100
s. Recently, the MAGIC collaboration reported the detection
of 300-GeV photons for almost 20 minutes in the direction
of GRB 190114C (Mirzoyan 2019). Therefore, a different
leptonic radiation mechanism of synchrotron radiation such
as synchrotron self-Compton (SSC) in the forward shock
scenario has to be considered (e.g. see, Zhang and Me´sza´ros
2004; Kumar and Zhang 2015).
In this study, we present a general analytic model (based
on external forward shocks) where the synchrotron and
SSC emission from material that is being decelerated in an
arbitrary direction with respect to the observer, are obtained.
Specifically, we calculate the flux from material that is in
the relativistic phase and also material that is in the laterally
expanding phase, and that are decelerating in either a homo-
geneous or a wind-like circumburst medium. As a particular
case, we focus on the emission from a quasi-spherical outflow
that is viewed on-axis and a relativistic top-hat jet viewed
off-axis. As an application of our model, we describe the
extended X-ray, optical and radio emission exhibited in GRB
170817A. Hereafter, when we mention a jet we refer to a
top-hat jet. This paper is arranged as follows: In Section 2 we
construct our model and show the synchrotron and SSC light
curves from material that is being decelerated in an arbitrary
direction with respect to the observer. In section 3 we show
the particular cases of a quasi-spherical outflow viewed
on-axis and a relativistic jet viewed off-axis. In Section 4, we
compare our model to the EM counterpart of GW170817. In
section 5, we present our conclusions.
2. ELECTROMAGNETIC FORWARD-SHOCK EMISSION RADIATED
IN AN ARBITRARY DIRECTION
During the fusion of a binary NS (BNS) system a wind
may be ejected in practically all directions, and once the BNS
merges, a relativistic jet and its correspondent quasi-spherical
outflow may be powered (e.g., see Gill and Granot 2018).
Once the jet/quasi-spherical outflow sweeps enough circum-
burst medium (which may have been affected by the BNS
wind), the relativistic electrons accelerated through the for-
ward shocks (FSs) are mainly cooled down by synchrotron
and SSC radiation. Consequently, We derive the synchrotron
and SSC fluxes in the fully adiabatic regime from material
that is moving relativistically and material that is being decel-
erated in an arbitrary direction (with respect to the observer)
by either a homogeneous or a wind-like medium. We must
note that we only consider the electrons accelerated by FSs
because they produce extended emissions, and not by reverse
shocks as they produce short-lived emissions.
2.1. Homogeneous medium
The FS dynamics in the fully adiabatic regime for material
spreading through a homogeneous medium has been explored
for the case when the radiation is pointing directly in the ob-
server’s direction (see, e.g. Sari et al. 1998), not for the case
when it points in an arbitrary direction. Therefore, we derive
and present in the following section, the synchrotron and SSC
fluxes during the relativistic and lateral expansion phases for
radiation pointing in any arbitrary direction.
2.1.1. Relativistic phase of the deceleration material
Synchrotron radiation — Accelerated electrons in forward-
shock models are distributed in accordance with their Lorentz
factors (γe) and described by the electron power index p as
N(γe) dγe ∝ γ−pe dγe for γm ≤ γe ≤ γc, where γm and γc
are the minimum and cooling electron Lorentz factors. These
are given by:
γm = 3.1× 102 g(p) εe,−1Γ1
γc = 5.8× 104
(
1 + z
1.022
)
(1 + Y )−1ε−1B,−3 n
−1
−1 Γ
−2
1 δ
−1
D,1 t
−1
1d ,(1)
where g(p) = p−2p−1 ' 0.17 for p = 2.2, n is the density
of the circumburst medium, Y is the Compton parameter, εB
and εe are the microphysical parameters associated with the
magnetic field and the energy density given to accelerate elec-
trons, t1d is the timescale of the order of one day, and δD
is the Doppler factor. The Doppler factor is δD = 1Γ(1−µβ)
where µ = cos ∆θ, β is the velocity of the material, and
∆θ = θobs − θj is given by the viewing angle (θobs) and
the aperture angle of the jet (θj). We adopt the convention
Qx = Q/10
x in cgs units.
Given the fact that syni ∝ γ2i (for i=m, c with m the char-
acteristic and c the cooling break) with eq. 1, the synchrotron
3spectral breaks (synm and 
syn
c ) and the maximum flux (F
syn
max)
become:
synm ' 15.9 GHz
(
1 + z
1.022
)−1
g(p)2ε2e,−1 ε
1
2
B,−3 n
1
2
−1 δD,1Γ
3
1
sync ' 6.2 eV
(
1 + z
1.022
)
(1 + Y )−2 ε
− 3
2
B,−3 n
− 3
2
−1 δ
−1
D,1Γ
−3
1 t
−2
1d
F synmax' 5.8× 104 mJy
(
1 + z
1.022
)−1
ε
1
2
B,−3 n
3
2
−1D
−2
26.5 δ
6
D,1Γ
4
1 t
3
1d. .(2)
Given the spectral breaks and the maximum flux from eq. 2,
the synchrotron light curve for the fast-cooling regime (sync <
synm ) is:
F synν ∝

δ
19
3
D Γ
5 t
11
3 
1
3
γ , γ < 
syn
c ,
δ
11
2
D Γ
5
2 t2 
− 1
2
γ , 
syn
c < γ < 
syn
m ,
δ
p+10
2
D Γ
3p+2
2 t2 
− p
2
γ , 
syn
m < γ .
(3)
Meanwhile, the light curve for the slow-cooling regime
(synm < 
syn
c ) is:
F synν ∝

δ
17
3
D Γ
3 t3 
1
3
γ , γ < 
syn
m ,
δ
p+11
2
D Γ
3p+5
2 t3 
− p−1
2
γ , 
syn
m < γ < 
syn
c ,
δ
p+10
2
D Γ
3p+2
2 t2 
− p
2
γ , 
syn
c < γ ,
(4)
with γ , in general, the energy at which the flux is observed.
SSC emission — Accelerated electrons in the FSs can up-
scatter synchrotron photons from low to high energies as
ssci ∼ γ2i syni with a SSC flux F sscmax ∼ 4g(p)−1τ F synmax,
where τ is the optical depth (τ = 13σTnR with R the de-
celeration radius, and σT the Thompson cross section). Using
eqs. (1) and (2), the spectral breaks and the maximum flux of
SSC emission are (respectively):
sscm ' 6.2 eV
(
1 + z
1.022
)−1
g(p)4 ε4e,−1 ε
1
2
B,−3 n
1
2
−1 δD,1Γ
5
1
sscc ' 20.6 GeV
(
1 + z
1.022
)3
(1 + Y )−4 ε
− 7
2
B,−3 n
− 7
2
−1 δ
−3
D,1Γ
−7
1
t−41d
F sscmax' 7.8× 10−3 mJy
(
1 + z
1.022
)−2
g(p)−1ε
1
2
B,−3 n
5
2
−1D
−2
26.5
× δ7D,1 Γ51 t41d . (5)
The Klein-Nishina (KN) suppression effect must be consid-
ered in SSC emission. The break energy in the KN regime
is:
sscKN ' 288.2 GeV (1 + Y )−1 ε−1B,−1 n−1−1 Γ−21 t−11d . (6)
Using the synchrotron fluxes found in eqs. 3 and 4, the SSC
light curves for the fast- and slow-cooling regimes are (re-
spectively):
F sscν ∝

δ8D Γ
22
3 t
16
3 
1
3
γ , γ < 
ssc
c ,
δ
11
2
D Γ
3
2 t2 
− 1
2
γ , 
ssc
c < γ < 
ssc
m ,
δ
p+10
2
D Γ
5p−2
2 t2 
− p
2
γ , 
ssc
m < γ ,
(7)
F sscν ∝

δ
20
3
D Γ
10
3 t4 
1
3
γ , γ < 
ssc
m ,
δ
p+13
2
D Γ
5(p+1)
2 t4 
− p−1
2
γ , 
ssc
m < γ < 
ssc
c ,
δ
p+10
2
D Γ
5p−2
2 t2 
− p
2
γ , 
ssc
c < γ .
(8)
2.1.2. Lateral expansion phase of the deceleration material
As the relativistic material sweeps through the medium
and decelerates, its beaming cone broadens until it reaches
the field of view of the observer (Γ ∼ ∆θ−1; Granot et al.
2002, 2017a). We will refer to this phase as the lateral ex-
pansion phase. In this phase, the Doppler factor becomes
δD ≈ 2Γ and the maximum flux must be corrected by di-
viding by Ω = 4piδ2D (Rybicki and Lightman 1986; Lamb
et al. 2018; Fraija et al. 2019c). Taking into account that the
lateral expansion phase is expected in a timescale that goes
from several hours to days (e.g., see Kumar and Zhang 2015),
the fast-cooling regime for the synchrotron and SSC emission
would be negligible and the slow-cooling regime will domi-
nate. For this reason, we only derive the synchrotron and SSC
light curves in the slow-cooling regime during this phase.
Synchrotron radiation. — The synchrotron spectral breaks can
be calculated through eq. (2) with δD ≈ 2Γ, and the correc-
tion of Ω = 4piδ2D for the maximum flux. In this case, the
synchrotron flux for the slow-cooling regime becomes:
F synν ∝

Γ
20
3 t3 
1
3
γ , γ < 
syn
m ,
Γ2(p+3) t3 
− p−1
2
γ , 
syn
m < γ < 
syn
c ,
Γ2(p+2) t2 
− p
2
γ , 
syn
c < γ .
(9)
SSC emission. — The SSC spectral breaks can be calculated
through eq. (5) with the same corrections of δD and Ω as for
the synchrotron radiation. In this case, the SSC flux for the
slow-cooling regime becomes:
F sscν ∝

Γ8 t4 
1
3
γ , γ < 
ssc
m ,
Γ3p+7 t4 
− p−1
2
γ , 
ssc
m < γ < 
ssc
c ,
Γ3p+2 t2 
− p
2
γ , 
ssc
c < γ .
(10)
2.2. Wind-like medium
A non-homogeneous density produced by the ejected mass
near the vicinity of the NS binary system has been studied
numerically (Nagakura et al. 2014; Hotokezaka et al. 2013;
Bauswein et al. 2013). Nagakura et al. (2014) studied the
propagation of a relativistic jet through the ejected mass us-
ing a density profile of ρ(r) ∝ Mej
r30
r−k with r0 the ini-
tial radius and Mej the ejecta mass. Since the density pro-
file around the merger can be approximated as a medium
with k = 2, we derive the dynamics for material either in
the relativistic or the lateral expanding phase in a density
profile which scales as ρ(r) ∝ r−2. Specifically, we as-
sume that the wind-like medium is ρ(r) = Ar−2, with
A = M˙4pi v = A? 5 × 1011 g cm−1, M˙ the mass-loss rate, v
the velocity of the outflow, and A? a dimensional parameter
(A? ∼10−1−10−6). Given that the lateral expansion phase is
expected in a timescale that goes from several hours to hun-
dreds of days (e.g., see Kumar and Zhang 2015), thus the
lateral expansion phase in a wind-like medium is negligible
(compared to the relativistic phase). Hence, we only derive
the synchrotron and SSC fluxes of the relativistic phase.
2.2.1. Relativistic phase of the deceleration material
Synchrotron emission. — The minimum and cooling Lorentz
factors in a wind-like medium are given by:
γm = 3.1× 102 g(p) εe,−1Γ1
4γc = 1.4× 103
(
1 + z
1.022
)−1
ξ2(1 + Y )−1ε−1B,−3A
−1
?,−4 δD,1
×t10s, (11)
where ξ is a constant parameter (ξ ≈1) (Panaitescu and
Me´sza´ros 1998).
Using eq. (11) in the synchrotron emission, the spectral
breaks and the maximum flux are:
synm ' 9.4× 104 GHz g(p)2 ξ−2ε2e,−1 ε
1
2
B,−3A
1
2
?,−4 Γ
2
1 t
−1
10s
sync ' 1.1 eV
(
1 + z
1.022
)−2
ξ2(1 + Y )−2 ε
− 3
2
B,−3A
− 3
2
?,−4 δ
2
D,1 t10s
F synmax' 18.4 mJy
(
1 + z
1.022
)2
ε
1
2
B,−3A
3
2
?,−4D
−2
26.5 δ
3
D,1Γ1. (12)
Using eq. (12) in the synchrotron emission, the flux for the
fast- and slow-cooling regimes are (respectively):
F synν ∝

δ
7
3
D Γ t
− 1
3 
1
3
γ , γ < c,
δ4D Γ t
1
2 
− 1
2
γ , c < γ < m,
δ4D Γ
p t−
p
2
+1 
− p
2
γ , m < γ ,
(13)
F synν ∝

δ3D Γ
1
3 t
1
3 
1
3
γ , γ < m,
δ3D Γ
p t−
p−1
2 
− p−1
2
γ , m < γ < c,
δ4D Γ
p t−
p
2
+1 
− p
2
γ , c < γ .
(14)
SSC emission — Given the electron Lorentz factors (eq. 11)
and the synchrotron spectral breaks (eq. 12), the SSC spectral
breaks and the maximum flux are:
sscm ' 3.6 keV g(p)4ξ−2ε4e,−1 
1
2
B,−3A
1
2
?,−4 Γ
4
1 t
−1
10s
sscc ' 2.3 MeV
(
1 + z
1.022
)−4
ξ6(1 + Y )−4 
− 7
2
B,−3A
− 7
2
?,−4 δ
4
D,1 t
3
10s
F sscmax' 1.1× 10−4 mJy
(
1 + z
1.022
)3
g(p)−1ξ−2ε
1
2
B,−3A
5
2
?,−4D
−2
26.5
× δ2D,1t−110s. (15)
The break energy in the SSC emission due to the KN effect
is:
sscKN ' 7.2 GeV
(
1 + z
1.022
)−2
(1+Y )−1 ξ2 ε−1B,−3A
−1
?,−4 δ
2
D,1 .
(16)
Using the SSC spectrum, the spectral breaks and the maxi-
mum flux (eq. 15), the SSC light curves for fast- and slow-
cooling regimes are (respectively):
F sscν ∝

δ
2
3
D t
−2 
1
3
γ , γ < c,
δ4D t
1
2 
− 1
2
γ , c < γ < m,
δ4D Γ
2p−2 t−
p
2
+1 
− p
2
γ , m < γ ,
(17)
F sscν ∝

δ2D Γ
− 4
3 t−
2
3 
1
3
γ , γ < m,
δ2D Γ
2(p−1) t−
p+1
2 
− p−1
2
γ , m < γ < c,
δ4D Γ
2p−2 t−
p
2
+1 
− p
2
γ , c < γ .
(18)
3. QUASI-SPHERICAL OUTFLOW AND OFF-AXIS JET
We now calculate the electromagnetic radiation for the spe-
cific case of an off-axis jet plus a wide-angle quasi-spherical
outflow in a homogeneous and wind-like medium. Figure
1 shows the schematic representation of the electromagnetic
emission produced by an off-axis jet and its corresponding
quasi-spherical outflow. On one hand, the decelerated ma-
terial from the quasi-spherical outflow releases photons at
nearly all the viewing angles. On the other hand, only a small
fraction of the emission from the material in the relativistic
jet is observable (due to relativistic beaming θj ∝ 1/Γ). Once
the outflow and the off-axis jet sweep up enough circumburst
medium, the electron population inside either case cool down
emitting synchrotron and SSC radiation. In the case of the
quasi-spherical outflow, the Doppler factor can be approxi-
mated to δD ≈ 2Γ and in the case of the off-axis jet, this
factor can be approximated to δD ' 2Γ∆θ2 for Γ2∆θ2  1.
With these approximations in the obtained fluxes from Sec-
tion 2 we derive the dynamics for each case.
3.1. Quasi-spherical outflow
The synchrotron and SSC emission of a quasi-spherical
outflow in the relativistic phase and in the lateral expansion
phase, moving through either a homogeneous medium or a
wind-like medium, are next calculated.
3.1.1. Homogeneous Medium: Relativistic phase
Assuming that the equivalent kinetic energy (Ek) associ-
ated to the material that is accelerated in the quasi-spherical
outflow can be written as Ek = E˜ Γ−αs , and considering
the Blandford-McKee solution (Blandford and McKee 1976),
where Ek = 4pi3 mp nR
3Γ2, then the bulk Lorentz factor (Γ)
can be written as:
Γ = 3.8
(
1 + z
1.022
) 3
αs+8
n
− 1αs+8
−1 E˜
1
αs+8
50 t
− 3αs+8
1d , (19)
where z is the redshift, E˜ is the fiducial energy given by E˜ =
32pi
3 mp(1 + z)
−3 nΓαs+8 t3, mp is the proton mass and αs is
the power index of the velocity distribution. Using eq. (19) in
eqs. (3), (4), (7) and (8), we next obtain the synchrotron and
SSC emission of a quasi-spherical outflow in the relativistic
phase moving through a homogeneous medium.
Synchrotron light curves — Given the evolution of the bulk
Lorentz factor (eq. 19) and the synchrotron spectra (eqs.
13 and 14), the fluxes for the fast-cooling and slow-cooling
regimes can be written as (respectively):
F synν ∝

t
11αs+4
3(αs+8) 
1
3
γ , γ < c,
t
2(αs−1)
αs+8 
− 1
2
γ , c < γ < m,
t
2(αs−3p+2)
αs+8 
− p
2
γ , m < γ ,
(20)
F synν ∝

t
3αs+4
αs+8 
1
3
γ , γ < 
syn
m ,
t
3(αs−2p+2)
αs+8 
− p−1
2
γ , 
syn
m < γ < 
syn
c ,
t
2(αs−3p+2)
αs+8 
− p
2
γ , 
syn
c < γ .
(21)
The synchrotron spectral breaks synm and 
syn
c , and the max-
imum flux are given in eq. A2.
5SSC light curves — Given the evolution of the bulk Lorentz
factor (eq. 19) and the SSC spectra (eqs. 17 and 18), the
fluxes for the fast-cooling and slow cooling regimes can be
written as (respectively):
F sscν ∝

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(22)
F sscν ∝
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(23)
The SSC spectral breaks sscm and 
ssc
c , and the maximum flux
are given in eq. (A3)
3.1.2. Homogeneous Medium: Lateral expansion phase
The relativistic beaming effect of the emitting shock causes
the afterglow emission to be beamed into a beaming angle
(θb ∼ 1/Γ), which for fast flows (v∼c) is narrower than the
angle with which the jet is launched (θl) and narrower than
the observers viewing angle. Eventually, when the outflow
decelerates, the beaming effect weakens and the emission
inside the beaming cone expands sideways and broadens.
When θb ≥ θl, a break in the light curve is expected (e.g., see
Salmonson 2003; Granot et al. 2017b).
Considering the Blandford-McKee solution and the fact
that Ek = E˜ Γ−αs during the lateral expansion phase, the
bulk Lorentz factor can be written as
Γ = 2.1
(
1 + z
1.022
) 3
αs+6
n
− 1αs+6
−1 β
− αsαs+6 E˜
1
αs+6
50 t
− 3αs+6
30d .
(24)
Using eq. (24) in eqs. (3), (4), (7) and (8), we next ob-
tain the synchrotron and SSC of a quasi-spherical outflow in
the lateral expansion phase moving through a homogeneous
medium.
Synchrotron light curves — The synchrotron light curve for the
slow-cooling regime is:
F synν ∝

t
3αs−2
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2
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(25)
Once the bulk Lorentz factor becomes less than ∼ 2, the
quasi-spherical outflow goes into a non-relativistic phase. In
this case, the spectral breaks and the maximum flux evolve
as: m ∝ t−
15
αs+5 , c ∝ t−
2αs+1
αs+5 and Fmax ∝ t
3(αs+1)
αs+5 . The
synchrotron light curve in the non-relativistic phase is
F synν ∝
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SSC light curves — The SSC light curve for the slow-cooling
regime is:
F sscν ∝

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In the case when the quasi-spherical outflow is in the non-
relativistic phase, the spectral breaks and the maximum flux
evolve as: sscm ∝ t−
27
αs+5 , sscc ∝ t−
4αs
αs+5 and F sscmax ∝ t
4(αs+5)
αs+5 .
The SSC light curve in the non-relativistic phase is
F sscν ∝

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3.1.3. Wind-like Medium
As already stated in Section 2.2, for the wind-like medium
the lateral expansion phase is negligible compared to the rel-
ativistic phase. Thus, we only calculate the synchrotron and
SSC fluxes of the relativistic phase in this regime.
Considering the Blandford-McKee solution for a wind-like
medium, the bulk Lorentz factor can be written as:
Γ = 16.7
(
1 + z
1.022
) 1
αs+4
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− 1αs+4
?,−4 E˜
1
αs+4
50 t
− 1αs+4
10s ,
(29)
where E˜ = 32pi3 (1 + z)
−1 ξ2A?Γαs+4 t. Using eq. (29) in
(13), (14), (17) and (18), we next obtain the synchrotron and
SSC light curves of a quasi-spherical outflow in the relativistic
phase moving through a wind-like medium.
Synchrotron light curves — Given the synchrotron spectrum,
the light curves for the fast- and the slow-cooling regimes are
(respectively):
F synν ∝

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The synchrotron spectral breaks synm and 
syn
c , and the max-
imum flux are given in eq. (A9).
SSC light curves — Given the synchrotron spectrum, the light
curves for the fast- and the slow-cooling regimes are (respec-
tively):
F sscν ∝

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The SSC spectral breaks sscm and 
ssc
c , and the maximum
flux are given in eq. (A10).
3.2. Off-axis jet
The synchrotron and SSC emission of an off-axis jet in the
relativistic and the lateral expansion phase, moving through
either a homogeneous medium or a wind-like medium, are
next calculated.
3.2.1. Homogeneous Medium: Relativistic phase
The equivalent kinetic energy is Ek = E˜1−cos θj ≈ 2E˜θ2j with
the fiducial energy E˜ = 16pi3 mp(1 + z)
−3 n θ2j ∆θ
−6 Γ2 t3.
In this case, the bulk Lorentz factor evolves as:
Γ = 321.1
(
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1d . (34)
Using eq. (34) in (3), (4), (7) and (8), we next obtain the
synchrotron and SSC light curves of an off-axis jet in the rel-
ativistic phase moving through a homogeneous medium.
Synchrotron light curves — The synchrotron light curves for the
fast- and slow-cooling regimes, are (respectively):
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The synchrotron spectral breaks synm and 
syn
c , and the max-
imum flux are given in eq. (B2).
SSC light curves — The SSC light curves for the fast- and
slow-cooling regimes, are (respectively):
F sscν ∝

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The SSC spectral breaks sscm and 
ssc
c , and the maximum
flux are given in eq. (B3).
3.2.2. Homogeneous Medium: Lateral expansion phase
In the lateral expansion phase (∆θ ∼ 1/Γ), the fiducial
energy becomes E˜ = 16pi3 mp(1 + z)
−3 nΓ6 t3 and then the
bulk Lorentz factor can be written as:
Γ = 3.2
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6
50t
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100d . (39)
Using eq. (39) in (3), (4), (7) and (8), we next obtain the
synchrotron and SSC light curves of a quasi-spherical outflow
in the lateral expansion regime moving through a homoge-
neous medium.
Synchrotron light curves — The synchrotron light curve for the
slow-cooling regime is:
F synν ∝

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The synchrotron spectral breaks synm and 
syn
c , and the max-
imum flux are given in eq. (B6).
SSC light curves — The SSC light curve for the slow-cooling
regime is:
F sscν ∝
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The SSC spectral breaks sscm and 
ssc
c , and the maximum
flux are given in eq. (B7).
3.2.3. Wind-like Medium
Considering the Blandford-McKee solution for a wind-like
medium, the bulk Lorentz factor can be written as:
Γ = 2.4× 103
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where E˜ is the same as that for the quasi-spherical outflow in
a wind-like medium.
Synchrotron light curves — The synchrotron light curves for the
fast- and the slow-cooling regimes are (respectively):
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The synchrotron spectral breaks synm and 
syn
c , and the max-
imum flux are given in eq. (B9).
7SSC light curves — The SSC light curves for the fast- and the
slow-cooling regimes are (respectively):
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The synchrotron spectral breaks sscm and 
ssc
c , and the max-
imum flux are given in eq. (B10).
3.3. Multiwavelength Light Curves
Figures 2 and 3 show the resulting γ-ray, X-ray, optical and
radio light curves of the synchrotron and SSC forward-shock
radiation produced by a quasi-spherical outflow, or an off-axis
jet, and decelerating either in a homogeneous or a wind-like
medium. The purple, green and blue lines correspond to 6
GHz, 1 eV and 1 keV in the left-hand panels and 100 keV,
100 MeV and 100 GeV in the right-hand panels, respectively,
and the standard values of GRB afterglows were used.2 The
figures show the light curves from 1 to 1000 days for six
electromagnetic bands: γ-ray at 100 GeV, 100 MeV and 100
keV, X-ray at 1 keV, optical at 1 eV and radio at 6 GHz. It
is worth noting that the synchrotron and SSC light curves
shown in the previous figures lie in the slow cooling regime.
For density values (n = 10−4 cm−3 for the homogeneous
medium, and A? = 10−4 for the wind-like medium), the
synchrotron and SSC fluxes produced by the quasi-spherical
outflow are noticeably larger in a wind-like medium than in
a homogeneous medium. The synchrotron light curves in a
wind-like medium are 2 - 7 orders of magnitude larger than
in a homogeneous medium (see the upper-left panel in Figure
2). Meanwhile, the SSC light curves in a wind-like medium
are 6-10 orders of magnitude larger than in a homogeneous
medium (see the upper-right panel in Figure 2). The disparity
between the synchrotron and SSC emission depends on the
energy band, the timescale considered, and the chosen A?
parameter (as A? increases, so do the fluxes in the wind-like
medium). We also find that the synchrotron and SSC light
curves of a quasi-spherical outflow expanding through a
homogeneous or a wind-like medium behave differently. The
synchrotron and SSC fluxes of a quasi-spherical outflow in
a homogeneous medium increase gradually during the first
∼ 20-50 days, then reach a maximum value and decrease
afterwards. In a wind-like medium, on the other hand, the
quasi-spherical outflow emission decreases monotonically in
all electromagnetic bands (except in the radio band where it
increases). For the off-axis jet we find that the synchrotron
and SSC fluxes produced have similar values (see the bottom
panels of Figure 2). The synchrotron and SSC fluxes of
an off-axis jet in a homogeneous medium increase during
the first ∼ 100 days, then reach a maximum value and
decrease rapidly afterwards. In a wind-like medium, the
2 E = 5×1049 erg, n = 5×10−4 cm−3,A? = 10−4, εB = 5×10−4,
εe = 0.1, ∆θ = 18◦, θj = 7◦, αs = 3.0, p=2.25 and D=100 Mpc.
jet’s emission increases monotonically in all electromagnetic
bands. Comparing the synchrotron emission of the quasi-
spherical outflow with that of the off-axis jet (in the same
ambient medium regime), it is clear that the emission of the
quasi-spherical outflow is stronger than that of the off-axis jet
during the first ∼ 10 - 20 days, and then weaker during the
next ∼ 80 days. A similar behavior occurs for the SSC. In
the stellar-wind medium, except for the radio band, the flux
generated by the quasi-spherical outflow governs during the
timescale considered. In the case of the radio band, during the
first ∼ 80 days the radio flux emitted by the quasi-spherical
outflow prevails, afterwards the radio flux from the off-axis
jet dominates.
Figure 3 shows the total light curves (built by the sum of the
emission from the quasi-spherical outflow and the jet) for the
synchrotron and SSC cases produced in a homogeneous or a
wind-like medium. The light curves produced in a homoge-
neous medium increase during the first∼100 days, then reach
their respective maximum, and decrease afterwards. The syn-
chrotron light curves for the wind-like medium have different
behaviours; whereas the radio flux is an increasing function,
the optical and X-ray fluxes are decreasing functions. Mean-
while, regardless of the energy band, the SSC light curves
from the wind-like medium, are decreasing functions. It is
worth noting that the SSC emission produced in wind-like
medium is at least four orders of magnitude larger than that
produced in a homogeneous medium.
The standard synchrotron forward-shock model predicts
that the spectral evolution of frequencies evolves as m ∝ t− 32
and m ∝ t 12 in wind-like medium and m ∝ t− 32 and
m ∝ t− 12 in a homogeneous medium. Giblin et al. (1999)
found a new component during the prompt phase, different to
the Band function, for GRB 980923. The analysis revealed
that the spectral evolution of this component was similar to
that described by the evolution of the cooling frequency in
the synchrotron forward-shock model c ∝ t−0.5, thus ar-
guing that external shocks can be created during the prompt
phase. Subsequently, several papers (Yamazaki et al. 2006;
Veres et al. 2018; Fraija et al. 2019c; Barthelmy et al. 2005)
were written in this direction in order to identify the early af-
terglow phase during the gamma-ray prompt emission. In this
manuscript, we provide useful tools to identify this early after-
glow in a homogeneous or wind-like medium (see appendix
A). For instance, the evolution of the spectral component gen-
erated by the deceleration of the quasi-spherical outflow in a
wind-like medium is m ∝ t− 3αs+8 and c ∝ t−
1−αs
αs+8 , and in
a homogeneous medium it is m ∝ t− 3αs+8 and c ∝ t−
1−αs
αs+8 .
In the particular case of αs = 0, the temporal evolution of the
synchrotron spectral breaks derived in Sari et al. (1998); Fraija
et al. (2016b); Dai and Lu (1999); Huang and Cheng (2003);
Dermer et al. (2000); Granot et al. (2002); Rees (1999) are
recovered. The evolution of the synchrotron spectral breaks
generated by the deceleration of the off-axis jet in a wind-like
medium is m ∝ t 3αs+8 and c ∝ t
αs+3
αs+4 , and in a homoge-
neous medium it is m ∝ t−2 and c ∝ t2. We emphasize that
we ignore the scattering from the jet when we calculate the
SSC from the quasi-spherical outflow.
4. APPLICATION: GRB 170817A
To find the best-fit values that describe the non-thermal
emission of GRB 170817A, we use a Markov-Chain Monte
8Carlo (MCMC) code (see Fraija et al. 2019c). The MCMC
code calculates the synchrotron emission of a quasi-spherical
outflow and an off-axis jet and is described by a set of
eight parameters, {E˜, n, p, θj , ∆θ, εB , εe, αs}. A total of
17600 samples with 5150 tuning steps were run. The best fit
parameters of ∆θ, p, n, εB, εe, αs and E˜ are displayed in
Figures 4 (radio: 3 GHz, 6 GHz; optical: 1 eV; and X-ray:
1 keV). The best-fit values for GRB 170817A are reported
in Table 1. The obtained values are consistent with those
reported by other authors (Mooley et al. 2017; Fraija et al.
2019c; Hotokezaka et al. 2018; Kasliwal et al. 2017; Lamb
and Kobayashi 2017; Lazzati et al. 2017). We note that the
synchrotron flux equations are degenerate in these parameters
such that for a completely different set of parameters the
same results can be obtained. Therefore, our result is not
unique, but is only one possible solution to GRB 170817A.
Figure 5 shows the obtained light curves (left panel) and
the spectral energy distributions (SED, right panel) of the X-
ray, optical and radio bands of GRB 170817A, the data points
were taken from Troja et al. (2017); Margutti et al. (2017b,a);
Haggard et al. (2018); Troja et al. (2018); Margutti et al.
(2018); Hallinan et al. (2017); Mooley et al. (2017); Alexan-
der et al. (2017). The light curves are shown in radio wave-
lengths at 3 and 6 GHz, optical band at 1 eV and X-rays at 1
keV. The SEDs are exhibited at 15± 2, 110± 5 and 145± 20
days.
The multiwavelength data (radio wavelengths at 3 and
6 GHz, optical band at 1 eV and X-rays at 1 keV) were
described through the best-fit curves of synchrotron radiation
emitted from the deceleration of the quasi-spherical outflow
and the off-axis jet. The maximum value of the flux density
in each band is interpreted by the broadening of the beaming
cone of the radiation. It occurs when the off-axis jet has
slowed down and expanded laterally. A zoom of the X-ray
light curve, with the correspondent emission produced by the
quasi-spherical outflow and the off-axis jet, is also shown in
the left-hand panel. The dashed-black line shows the contri-
bution of the quasi-spherical outflow and the dotted-blue line
shows the contribution of the off-axis jet. This figure shows
that emission from the quasi-spherical outflow dominates
during the ∼ 20 days and the emission from the off-axis jet
dominates after the ∼ 60 days.
Using the values of the best-fit parameters reported in
Table 1 and eq. (19), we find that the bulk Lorentz factor
is Γc ' 3.1 (t/15 d)−0.24 and the equivalent kinetic energy
is Eobs,k ' 3.31 × 1047 erg. Using the previous values,
we obtain that the efficiency to convert the kinetic energy to
gamma-ray energy is ∼ 16%. This value is consistent with
the range of values reported in afterglows (e.g. see, Zhang
and Me´sza´ros 2004; Kumar and Zhang 2015). The cooling
and characteristic spectral breaks are c ∼ 22.3 eV and
m ∼ 1.1 × 10−2 GHz, respectively, at 15 days. This result
is consistent with the evolution of synchrotron radiation
in the slow-cooling regime of the quasi-spherical outflow
in a homogeneous medium, where the X-ray, optical and
radio fluxes are described by the third and second power-law
segment in eq. (21). The X-ray, optical and radio fluxes
increase as Fν ∝ t0.15, peak at ∼ 20 days, and then evolve
as Fν ∝ t−0.76 and ∝ t−1.03. On the other hand, the optical
and radio fluxes continue evolving as Fν ∝ t−0.76. Given
the values of the best-fit parameters reported in Table 5
and eq. (34), we find that the bulk Lorentz factor of the
relativistic jet reaches Γj ' 5.3 (t/100 d)−
3
2 . The cooling
spectral break c ∼ 2.6 keV is above the X-ray band, and its
characteristic break m = 0.04 GHz is below the radio band
at 100 days. As for the quasi-spherical outflow, this result
is consistent with the evolution of synchrotron radiation in
the slow-cooling regime of an off-axis jet expanding in a
homogeneous medium (where the X-ray, optical and radio
fluxes are described by the second power-law segment in
eq. 44). During this period, the observed flux increases as
Fν ∝ t4.2 as predicted in Nakar and Piran (2018). The X-ray,
optical, and radio fluxes peak at ∼ 140 days, and then evolve
as Fν ∝ t−2.2. It is worth noting that for a time scale of
seconds, an equivalent kinetic energy above ∼ 5 × 1052 erg,
a circumburst density higher than 1 cm−3, and equipartition
parameters εB ∼ 0.1, εe ∼ 0.1, the synchrotron and SSC
light curves would lie in the fast-cooling regime.
The results reported in the radio energy band by Mooley
et al. (2018) reported superluminal motion, with an apparent
speed of ∼ 4 at almost 150 days (between 75 and 230 days
after the GBM trigger), which implies that a relativistic jet
is present. This result was confirmed by the radio observa-
tions performed 207.4 days after the NS fusion (Ghirlanda
et al. 2018). These observations provide compelling evidence
that the progenitor of the GW170817 event ejected a struc-
tured relativistic jet with a bulk Lorentz factor of ∼ 4 (at
the time of measurement), observed from a viewing angle of
20◦ ± 5◦. The model proposed in this manuscript is consis-
tent with the results obtained in the radio wavelengths, which
at earlier times show that the non-thermal emission is dom-
inated by the slower quasi-spherical outflow material, and at
later times, the non-thermal emission (& 80 days post-merger)
is dominated by a relativistic off-axis jet. Considering the val-
ues of ∆θ ' 18◦ and θj ' 7◦ reported in Table 1, the value
of the viewing angle θobs ∼ 25◦ is found, which agrees with
that reported in Mooley et al. (2018).
Using values obtained with the MCMC simulation for GRB
170817A, we calculate the correspondent fluxes of the
SSC model to compare them with Fermi-LAT, HAWC, and
H.E.S.S. upper limits. The left-hand panel from Figure 6
shows the obtained SSC light curves (solid lines) as well
as the upper limits obtained by Fermi-LAT, HAWC, and
H.E.S.S..The light curves at 100 MeV (purple), 1 TeV (blue)
and 45 TeV (green), were obtained using the values reported
in Table 1. The effect of the extragalactic background light
absorption model of Franceschini and Rodighiero (2017) was
used. The obtained SSC flux at different energy bands agrees
with the LAT, H.E.S.S. and HAWC observatories. The right-
hand panel of Figure 6 shows the SSC light curves in a
wind-like medium. If the SSC flux would have been emit-
ted in a wind-like medium, it could have been observed by
LAT, H.E.S.S. or HAWC Observatories. For instance, with
A? = 10
−4 the SSC electromagnetic signal would have been
detected in these observatories, but not withA? = 10−6. This
result is very interesting since the material that surrounds the
progenitor of the short GRB may be affected by the wind and
launched material produced during the merger of the NSs (e.g.
see, Burns et al. 2018).
5. CONCLUSIONS
We have derived an analytic model of the forward-shock,
produced by the ejection of material (after the merger of two
9NSs), and which is moving either in a homogeneous or a
wind-like medium. Explicitly, we have obtained the SSC and
synchrotron light curves in the fast- and slow-cooling regimes
during the relativistic and lateral expansion phases in the fully
adiabatic regime with arbitrary line of sights for an observer.
We focus our model in the emission from a quasi-spherical
outflow that is viewed on-axis and an off-axis relativistic (top-
hat) jet, and we describe the extended X-ray, optical and radio
emission exhibited in GRB170817A. We find that the SSC
and synchrotron light curves produced by a quasi-spherical
outflow can be expressed when the equivalent kinetic energy
is E˜ Γ−αs , and the light curves produced by an off-axis jet
when the equivalent kinetic energy is 2E˜/θ2j . In the partic-
ular case of αs = 0, the SSC and synchrotron light curves
derived in Sari et al. (1998); Fraija et al. (2016b); Dai and
Lu (1999); Huang and Cheng (2003); Dermer et al. (2000);
Granot et al. (2002); Rees (1999) are recovered. The flux of
a quasi-spherical outflow which is expanding in a wind-like
medium is several orders of magnitude larger than that gen-
erated in a homogeneous medium. The latter is also the case
for the off-axis jet at early times (t . 15 days). The flux
produced by the quasi-spherical outflow peaks before the flux
of the off-axis jet and dominates during the first 10-20 days
(compared to that from the off-axis jet). At later times (& 100
days), the emission of the off-axis jet peaks and dominates.
We show that the evolution of the spectral component gen-
erated by the deceleration of the quasi-spherical outflow in a
wind-like medium is m ∝ t− 3αs+8 and c ∝ t−
1−αs
αs+8 , and in
a homogeneous medium is m ∝ t− 3αs+8 and c ∝ t−
1−αs
αs+8 .
The evolution of the synchrotron spectral breaks generated by
the deceleration of the off-axis jet in a wind-like medium is
m ∝ t 3αs+8 and c ∝ t
αs+3
αs+4 , and in a homogeneous medium
is m ∝ t−2 and c ∝ t2.
In order to interpret the non-thermal emission detected from
GRB 170817A, we calculated the synchrotron and SSC con-
tributions from both the off-axis jet and the quasi-spherical
outflow moving through a homogeneous medium using a
MCMC code. We ran a large set of samples to find the best-
fit values of E˜, n, p, θj , ∆θ, εB , εe, αs that describe the
non-thermal emission. Our model is consistent with the re-
sults obtained in the radio wavelengths. We find that at earlier
times the non-thermal emission is dominated by the slower
quasi-spherical outflow, and at later times, the non-thermal
emission (& 80 days post-merger) is mainly produced by a
relativistic off-axis jet. For the quasi-spherical outflow, we
found that the bulk Lorentz factor is mildly relativistic which
corresponds to an equivalent kinetic efficiency of∼ 16%. The
cooling spectral breaks found for the cocoon and off-axis jet
are consistent with synchrotron radiation in the slow-cooling
regime. During the first∼ 120 days, we find that the observed
flux generated by the deceleration of the off-axis jet increases
as Fν ∝ tα with α > 3. Using the values obtained with
the MCMC simulation for GRB 170817A, we found that the
SSC light curves are consistent with the upper limits placed
by Fermi-LAT, HAWC and H.E.S.S.. For a wind-like medium
we found that an electromagnetic signature would have been
detected by these high-energy observatories.
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TABLE 1
BEST-FIT VALUES FOR GRB 170817A
Parameters Median
E˜ (1049 erg) 6.263+0.494−0.485
n (10−4 cm−3 ) 2.848+0.412−0.395
p 2.248+0.010−0.010
θj (deg) 7.545+0.296−0.296
∆θ (deg) 18.793+0.254−0.261
εB (10
−4) 6.927+0.500−0.508
εe (10
−1) 0.935+0.100−0.102
αs 3.000
+0.098
−0.099
FIG. 1.— Schematic representation of the quasi-spherical outflow, the off-axis jet, and the observer. The quasi-spherical outflow emits photons at nearly all the
viewing angles while the off-axis jet emits mainly towards the propagation direction.
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FIG. 2.— Synchrotron (left-hand panels) and SSC (right-hand panels) light curves produced by a quasi-spherical outflow (upper panels) or an off-axis jet (lower
panels). The purple, green and blue lines correspond to 6 GHz, 1 eV and 1 keV in the left-hand panels and 100 keV, 100 MeV and 100 GeV in right-hand
panels. The continuous lines correspond to a homogeneous medium, and the dashed lines to a wind-like medium. The values used are E = 5 × 1049 erg,
n = 5× 10−4 cm−3, A? = 10−4, εB = 5× 10−4, εe = 0.1, ∆θ = 18◦, θj = 7◦, α = 3.0, p=2.25 and D=100 Mpc.
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FIG. 3.— Synchrotron (left-hand panels) and SSC (right-hand panels) light curves produced by a quasi-spherical outflow and an off-axis jet. The colors,
continuous or dashed lines and values used, are the same as those in Fig.2
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FIG. 4.— Best fit results for the light curves at 3 GHz using the proposed model and the MCMC calculations for GRB 170817A. The “corner plots” exhibit the
results obtained from the MCMC simulation. Labels above the 1-D KDE plot illustrate the 15%, 50% and 85% quantiles for all parameters. The best-fit values
are shown in green and reported in Table 1.
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FIG. 5.— Left: The best-fit light curves obtained using the synchrotron emission from a quasi-spherical outflow and an off-axis jet decelerated in a homogeneous
medium. These light curves are exhibited at different energy bands with their respective observations (points). The radio energy band at 3 GHz is shown in cyan,
the radio energy band at 6 GHz is shown in red, the optical band at 1 eV is shown in green, and the X-ray at 1 keV in purple. A zoom of the X-ray light
curve and the emission produced by the quasi-spherical outflow and off-axis jet is also shown (upper-left). The data points are the observations, see the text for
their references. Right: The best-fit SEDs of the X-ray (red), optical (green), and radio (blue) afterglow observations at 15 ± 2, 110 ± 5, and 145 ± 20 days
respectively. The values which best describe the light curves and the SED are reported in Table 1.
FIG. 6.— Upper limits derived with the Fermi-LAT, HAWC and H.E.S.S. observatories with the SSC model from an off-axis jet and quasi-spherical outflow.
In the left-hand panel we have used the values found to describe the X-ray, optical, and radio light curves of GRB 170817A moving in a homogeneous medium
(see Table 5 in Fraija et al. 2019a). In the right-hand panel we have assumed that the off-axis jet and quasi-spherical outflow evolve in a wind-like medium.
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APPENDIX
A. QUASI-SPHERICAL OUTFLOW
Homogeneous medium
Using the bulk Lorentz factor (eq. 19), we derive and show the observable quantities when the quasi-spherical outflow is
decelerated in a homogeneous medium.
Synchrotron radiation. — In this case, the minimum and cooling Lorentz factors are given by
γm' 1.1× 103
(
1 + z
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) 3
αs+8
g(p) εe,−1 n
− 1
αs+8
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50 t
− 3
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1 + z
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)αs−1
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(1 + Y )−1ε−1B,−1 n
−αs+5
αs+8
−1 E˜
− 3
αs+8
50 t
1−αs
αs+8
1d . (A1)
Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and the electron Lorentz factors (eq. A1), the synchrotron spectral
breaks and the maximum flux is
synm ' 0.5 GHz
(
1 + z
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) 4−αs
αs+8
g(p)2ε2e,−1 ε
1
2
B,−3 n
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4
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− 3
2
B,−3 n
− 3αs+16
2(αs+8)
−1 E˜
− 4
αs+8
50 t
− 2(αs+2)
αs+8
1d ,
F synmax' 1.9× 10−1 mJy
(
1 + z
1.022
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50 t
3αs
αs+8
1d . (A2)
SSC emission. — From the electrons Lorentz factors (eqs. A1) and synchrotron spectral breaks (eqs. A2), the SSC spectral break
and the maximum flux is
sscm ' 2.5× 10−2 eV
(
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) 10−αs
αs+8
g(p)4 ε4e,−1 ε
1
2
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εsscc ' 2.4 GeV
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The break energy due to KN effect is
εsscKN ' 1.1 TeV
(
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Lateral expansion
Using the bulk Lorentz factor (eq. 24), we derive and show the observable quantities when the quasi-spherical outflow lies in
the lateral expansion phase.
Synchrotron radiation. — In this case, the minimum and cooling Lorentz factors are given by
γm' 63.5
(
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Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and eq. (A5), the spectral break and the maximum flux of synchrotron
radiation is
synm ' 0.3× 10−2 GHz
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SSC emission. — From the electrons Lorentz factors (eqs. A5) and synchrotron spectral breaks (eqs. A6), the SSC spectral break
and the maximum flux is
sscm ' 4.9× 10−4 eV
(
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Wind-like medium
Using the bulk Lorentz factor (eq. 29), we derive and show the observable quantities when the quasi-spherical outflow is
decelerated in a wind-like medium.
Synchrotron radiation. — In this case, the minimum and cooling Lorentz factors are given by
γm = 5.1× 102
(
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Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and the electron Lorentz factors (eq. A8), the synchrotron spectral
breaks and the maximum flux is
synm ' 0.2 eV
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SSC emission. — From the electron Lorentz factors (eqs. A8) and synchrotron spectral breaks (eqs. A9), the SSC spectral break
and the maximum flux is
sscm ' 42.7 keV
(
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) 4
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The break energy due to KN effect is
sscKN ' 313.9 GeV
(
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B. OFF-AXIS JET
Homogeneous medium
Using the bulk Lorentz factor (eq. 34), we derive and show the observable quantities when the off-axis jet is decelerated in a
homogeneous medium.
Synchrotron radiation. — In tis case, the minimum and cooling electron Lorentz factors are given by
γm = 6.9× 103 εe,−1
(
1 + z
1.022
) 3
2
g(p)n
− 1
2
−4 E˜
1
2
50 ∆θ
3
15◦ θ
−1
j,5◦ t
− 3
2
1d ,
γc = 8.7× 103
(
1 + z
1.022
)− 1
2
(1 + Y )−1ε−1B,−4 n
− 1
2
−1 E
− 1
2
50 ∆θ
−1
15◦ θj,5◦ t
1
2
1d . (B1)
Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and the electron Lorentz factors (eq. B1), the synchrotron spectral
breaks and the maximum flux is
synm ' 4.7× 103 GHz
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SSC emission — From the electron Lorentz factors (eqs. A5) and synchrotron spectral breaks (eqs. B2), the SSC spectral break
and the maximum flux is
sscm ' 0.9 MeV
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The break energy due to KN effect is
sscKN ' 1.4 TeV(1 + Y )−1 ε−1B,−3 n−1−4 ∆θ215◦ t−1100 d . (B4)
Lateral expansion
Using the bulk Lorentz factor (eq. 39), we derive and show the observable quantities when the off-axis jet lies in the lateral
expansion phase.
Synchrotron radiation. — In this case, the minimum and cooling Lorentz factors are given by
γm' 50.2
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Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and eq. (B5), the spectral break and the maximum flux of synchrotron
radiation is
synm ' 1.2× 10−2 GHz
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SSC radiation. — From the electron Lorentz factors (eqs. B5) and synchrotron spectral breaks (eqs. B6), the SSC spectral break
and the maximum flux is
sscm ' 1.4× 10−4 eV
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Wind-like medium
Using the bulk Lorentz factor (eq. 42), we derive and show the observable quantities when the off-axis jet is decelerated in a
wind-like medium.
Synchrotron radiation. — In this case, the minimum and cooling Lorentz factors are given by
γm = 8.7× 104
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Given the synchrotron radiation (synk ∝ γ2k for k=m,c) and the electron Lorentz factors (eq. B8), the synchrotron spectral
breaks and the maximum flux is
synm ' 95.5 keV
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SSC emission — From the electron Lorentz factors (eqs. B8) and synchrotron spectral breaks (eqs. B9), the SSC spectral break
and the maximum flux is
sscm ' 3.1 GeV
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The break energy due to KN effect is
sscKN ' 2.4× 10−3 GeV
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